Introduction {#Sec1}
============

The standard model (SM) description of electroweak and strong interactions can be tested through precision measurements of the $\documentclass[12pt]{minimal}
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                \begin{document}$${{\mathrm{W} }^{+} }\mathrm{W}^{-} $$\end{document}$ production cross section at hadron colliders. Among the massive vector boson pair production processes, $\documentclass[12pt]{minimal}
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                \begin{document}$${{\mathrm{W} }^{+} }\mathrm{W}^{-} $$\end{document}$ has the largest cross section.

At the CERN LHC, the SM vector boson pair production is dominated by the *s*-channel and *t*-channel quark-antiquark ($\documentclass[12pt]{minimal}
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                \begin{document}$$\mathrm{g} \mathrm{g} $$\end{document}$) diagrams contribute only 3 % to the total production cross section \[[@CR1]\]. Previous cross section results on $\documentclass[12pt]{minimal}
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                \begin{document}$$\sqrt{s} = 7\,\mathrm{TeV}$$\end{document}$ are reported to be $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$52.4\pm 2.0\,\text {(stat)} \pm 4.5\,\text {(syst)} \pm 1.62\,\text {(lumi)} \text {\,pb} $$\end{document}$ by CMS \[[@CR2]\] and $\documentclass[12pt]{minimal}
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                \begin{document}$$\,\text {fb}^\text {-1}$$\end{document}$ of data \[[@CR4]\] with a measured value of $\documentclass[12pt]{minimal}
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                \begin{document}$$69.9\pm 2.8\,\text {(stat)} \pm 5.6\,\text {(syst)} \pm 3.1\,\text {(lumi)} \text {\,pb} $$\end{document}$. Also, a cross section measurement of $\documentclass[12pt]{minimal}
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                \begin{document}$$\sqrt{s} = 1.96$$\end{document}$ TeVhas been recently reported by CDF to be $\documentclass[12pt]{minimal}
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                \begin{document}$$14.0\pm 0.6\,\text {(stat)} {^{+1.2}_{-1.0}}\,\text {(syst)} \pm 0.8\,\text {(lumi)} \text {\,pb} $$\end{document}$ \[[@CR5]\]. Next-to-next-to-leading-order (NNLO) calculations for the $\documentclass[12pt]{minimal}
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                \begin{document}$$\sigma ^{\mathrm {NNLO}} (\mathrm{p} \mathrm{p} \rightarrow {{\mathrm{W} }^{+} }\mathrm{W}^{-} ) = 59.8^{+1.3}_{-1.1}\text {\,pb} $$\end{document}$ \[[@CR6]\]. In this $\documentclass[12pt]{minimal}
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                \begin{document}$${{\mathrm{W} }^{+} }\mathrm{W}^{-} $$\end{document}$ production calculation, processes involving the SM Higgs boson are not considered; it is estimated they would increase the total cross section by about 8 % for the Higgs boson mass of 125 GeV \[[@CR7]\].
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                \begin{document}$${{\mathrm{W} }^{+} }\mathrm{W}^{-} $$\end{document}$ production cross section in the fully leptonic decay channel by selecting events with two high transverse momentum ($\documentclass[12pt]{minimal}
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                \begin{document}$${\mathrm{e}}^{+} {\mathrm{e}}^{-} $$\end{document}$, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${{\upmu }}^{+} {{\upmu }}^{-} $$\end{document}$, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
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                \begin{document}$$p_{\mathrm {T}}$$\end{document}$. We provide a more precise measurement than previous results \[[@CR4]\] by using an improved analysis strategy and a larger data sample. The $\documentclass[12pt]{minimal}
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                \begin{document}$${{\mathrm{W} }^{+} }\mathrm{W}^{-} $$\end{document}$ system receives large higher-order corrections because of the restriction on the number of jets. The dominant $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathrm{q} {\bar{\mathrm{q}}} $$\end{document}$ component of the signal production is modeled by resumming the large higher-order corrections to the $\documentclass[12pt]{minimal}
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                \begin{document}$$p_{\mathrm {T}}$$\end{document}$ distribution, thus improving the signal efficiency determination \[[@CR8], [@CR9]\]. The expected contribution, based on simulation, from Higgs-boson-mediated processes to the observed signal yield is subtracted. The data correspond to a total accumulated luminosity of 19.4$\documentclass[12pt]{minimal}
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Any deviation from the SM expectations in measured production rates or any possible change in certain kinematic distributions could provide evidence for effects from physics beyond the SM. New physics processes at high mass scales that alter the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${{\mathrm{W} }^{+} }\mathrm{W}^{-} $$\end{document}$ production can be described by operators with mass dimensions larger than four in an effective field theory (EFT) framework. The higher-dimensional operators of the lowest order from purely electroweak processes have dimension six, and can generate anomalous trilinear gauge couplings (ATGC) \[[@CR10]\]. Thus the measurement of the coupling constants provides an indirect search for new physics at mass scales not directly accessible by the LHC. Aside from the tests of the SM, $\documentclass[12pt]{minimal}
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                \begin{document}$${{\mathrm{W} }^{+} }\mathrm{W}^{-} $$\end{document}$ production represents an important background source in searches for new particles, and its precise measurement is therefore important in searches for new physics.

This paper is organized as follows. After a brief description of the CMS detector in Sect. [2](#Sec2){ref-type="sec"} and of the data and simulated samples in Sect. [3](#Sec3){ref-type="sec"}, the event reconstruction and selection is detailed in Sect. [4](#Sec4){ref-type="sec"}. The background estimation is described in Sect. [5](#Sec5){ref-type="sec"}, followed by an estimate of the uncertainties in Sect. [6](#Sec6){ref-type="sec"}. Finally the results for the inclusive $\documentclass[12pt]{minimal}
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                \begin{document}$${{\mathrm{W} }^{+} }\mathrm{W}^{-} $$\end{document}$ production cross section and those in a given fiducial phase space are presented in Sect. [7](#Sec7){ref-type="sec"}. The normalized differential cross sections are shown in Sect. [8](#Sec8){ref-type="sec"} and limits on ATGCs in Sect. [9](#Sec9){ref-type="sec"}. A summary is given in Sect. [10](#Sec10){ref-type="sec"}.

The CMS detector {#Sec2}
================

The CMS detector, described in detail in Ref. \[[@CR11]\], is a multipurpose apparatus designed to study high $\documentclass[12pt]{minimal}
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Data and simulated samples {#Sec3}
==========================

The data samples used correspond to an integrated luminosity of 19.4$\documentclass[12pt]{minimal}
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                \begin{document}$$\sqrt{s} = 8\,\mathrm{TeV}$$\end{document}$. The luminosity is measured using data from the HF system and the pixel detector \[[@CR12]\].

Events are selected with a combination of triggers that require one or two high-$\documentclass[12pt]{minimal}
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Several Monte Carlo (MC) event generators are used to simulate the signal and background processes. The MC samples are used to optimize the event selection, evaluate efficiencies and acceptances, and to estimate yields. For all MC samples, the response of the CMS detector is simulated using a detailed description of the detector based on the [Geant4]{.smallcaps} package \[[@CR14]\]. The simulated events are corrected for the trigger efficiency to match the data.
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                \begin{document}$$\mathrm{q} {\bar{\mathrm{q}}}\rightarrow {{\mathrm{W} }^{+} }\mathrm{W}^{-} $$\end{document}$ signal samples generated with the [MadGraph]{.smallcaps} 5.1 \[[@CR20]\] and [mc\@nlo]{.smallcaps} 4.0 \[[@CR21]\] event generators. The $\documentclass[12pt]{minimal}
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Background processes with top quarks, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\mathrm{t} {\bar{\mathrm{t}}} $$\end{document}$ and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\mathrm{t} {\mathrm{W} }$$\end{document}$, are generated with [powheg]{.smallcaps}. Higgs boson processes are considered part of the background. They represent about 8 % of the $\documentclass[12pt]{minimal}
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                \begin{document}$$\sqrt{s} = 8\, \mathrm{TeV}$$\end{document}$ \[[@CR6]\], but have a smaller signal efficiency and represent only about 3 % of the expected signal yield. The gluon fusion and vector boson fusion modes are generated with [powheg]{.smallcaps} for a Higgs boson mass of 125GeVand normalized to the SM cross section \[[@CR23]\]. The simulation of associated Higgs production uses the [pythia]{.smallcaps} 6.4 generator \[[@CR24]\]. The interference between the Higgs boson production process and the $\documentclass[12pt]{minimal}
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The set of parton distribution functions (PDF) used is CTEQ6L \[[@CR25]\] for leading order (LO) generators and CT10 \[[@CR26]\] for next-to-leading-order (NLO) generators. All the event generators are interfaced to [pythia]{.smallcaps} 6.4 for the showering and hadronization of partons, except [mc\@nlo]{.smallcaps}, which is interfaced to [herwig]{.smallcaps} 6 \[[@CR27]\]. The [tauola]{.smallcaps} 2.7 package \[[@CR28]\] is used in the simulation of $\documentclass[12pt]{minimal}
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                \begin{document}$$p_{\mathrm {T}}$$\end{document}$-resummed calculation and from [powheg]{.smallcaps} and [pythia]{.smallcaps}. An equivalent reweighting procedure is applied to [mc\@nlo]{.smallcaps} and [MadGraph]{.smallcaps} MC generators. The weights have different effects for each MC generator; the change in the jet veto efficiency estimated with [powheg]{.smallcaps} is about 3 % whereas it is 1 % for [mc\@nlo]{.smallcaps} and 4 % for [MadGraph]{.smallcaps}. We find good agreement between the jet veto efficiency estimated with [powheg]{.smallcaps}, [mc\@nlo]{.smallcaps}, and [MadGraph]{.smallcaps} after the equivalent reweighting procedure is applied to these MC generators.

Additional simulated proton-proton interactions overlapping with the event of interest, denoted as pileup events, are added to the simulated samples to reproduce the vertex multiplicity distribution measured in data. The average value of pileup events per bunch crossing is approximately 21.

Event reconstruction and selection {#Sec4}
==================================

A particle-flow algorithm \[[@CR30], [@CR31]\] is used to reconstruct the observable particles in the event by an optimized combination of information from different subdetectors: clusters of energy deposits measured by the calorimeters and charged-particle tracks identified in the central tracking system and the muon detectors.
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For each signal event, two oppositely charged lepton candidates are required, both with $\documentclass[12pt]{minimal}
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Electron candidates are defined by a reconstructed particle track in the tracking detector pointing to a cluster of energy deposits in the ECAL. A multivariate approach to identify electrons is employed \[[@CR32]\] combining several measured quantities describing the track quality, the ECAL cluster shape, and the compatibility of the measurements from the two subdetectors. The electron energy is measured primarily from the ECAL cluster energy deposit \[[@CR33]\]. Muon candidates are identified by signals of particle tracks in the muon system that match a track reconstructed in the central tracking system. Minimum requirements on the number of hits and on the goodness-of-fit of the full track are imposed on the muon curvature measurement \[[@CR34]\].

The signal electrons and muons are required to be isolated to distinguish them from the semileptonic decays of heavy quarks or the in-flight decays of hadrons. The $\documentclass[12pt]{minimal}
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Electron isolation is characterized by the ratio of the total $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$p_{\mathrm {T}}$$\end{document}$ of the particles reconstructed in a $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\Delta R =0.3$$\end{document}$ cone around the electron, excluding the electron itself, to the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$p_{\mathrm {T}}$$\end{document}$ of the electron. Isolated electrons are selected by requiring this ratio to be below 10 %. For each muon candidate, the scalar sum of the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$p_{\mathrm {T}}$$\end{document}$ of all particles originating from the primary vertex is reconstructed in $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\Delta R$$\end{document}$ cones of several radii around the muon direction, excluding the contribution from the muon itself. This information is combined using a multivariate algorithm that exploits the differential energy deposition in the isolation region to discriminate between the signal of prompt muons and muons from hadron decays inside a jet. The exact threshold value depends on the muon $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\eta $$\end{document}$ and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$p_{\mathrm {T}}$$\end{document}$  \[[@CR36]\].

Jets are reconstructed using the anti-$\documentclass[12pt]{minimal}
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To reduce the background from top quark decays, events with two or more jets surviving the jet selection criteria are rejected. To further suppress the top quark background, two tagging techniques based on soft-muon and b-quark jet tagging are applied \[[@CR42]\]. The first method vetoes events containing a soft muon from the semileptonic decay of the b quark. Soft-muon candidates are defined without isolation requirements and are required to have $\documentclass[12pt]{minimal}
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Estimation of backgrounds {#Sec5}
=========================

A summary of the data, signal, and background yields for the different event categories is shown in Table [2](#Tab2){ref-type="table"}. The distributions of the leading lepton $\documentclass[12pt]{minimal}
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Fig. 1The data and MC distributions for the zero-jet category of the leading lepton $\documentclass[12pt]{minimal}
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A combination of techniques is used to determine the contributions from backgrounds that remain after the $\documentclass[12pt]{minimal}
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A common scale factor is estimated for the $\documentclass[12pt]{minimal}
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The nonprompt lepton background occurs in W +jets and dijets production and originates from leptonic decays of heavy quarks, hadrons misidentified as leptons, and electrons from photon conversion. Most of it is suppressed by the identification and isolation requirements on electrons and muons described in Sect. [4](#Sec4){ref-type="sec"}. The remaining contribution is estimated directly from data from a sample enriched in nonprompt leptons. This sample is selected by choosing events with one lepton candidate that passes the standard lepton selection criteria, and another lepton candidate that fails the criteria, but passes a looser selection on impact parameter and isolation resulting in a sample of "pass-fail" lepton pairs. The yield in this sample is extrapolated to the signal region using the efficiencies for such loosely identified leptons to pass the standard lepton selection criteria.
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A data sample with three reconstructed leptons is selected in order to normalize the simulation used to estimate the $\documentclass[12pt]{minimal}
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Other backgrounds are estimated from simulation. The $\documentclass[12pt]{minimal}
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Signal efficiency and systematic uncertainties {#Sec6}
==============================================

The signal efficiency, which includes both detector geometrical acceptance and signal reconstruction and selection efficiency, is estimated using the $\documentclass[12pt]{minimal}
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The experimental uncertainties in the lepton reconstruction and identification efficiency, momentum scale and resolution, $\documentclass[12pt]{minimal}
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The relative uncertainty in the signal acceptance from variations of the PDFs and the value of $\documentclass[12pt]{minimal}
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The four event categories are combined by performing a profile likelihood fit to the data following the statistical methodology described in Refs. \[[@CR50]--[@CR52]\]. The combined result is:$$\documentclass[12pt]{minimal}
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Since both fiducial cross section measurements are restricted to the zero-jet category, most systematic uncertainties are calculated in the same way as in the inclusive analysis, except the underlying event, PDFs, and renormalization and factorization scales effects related to the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${{\mathrm{W} }^{+} }\mathrm{W}^{-} $$\end{document}$ signal. In these cases the uncertainty is estimated as the largest difference among the three signal MC generators, [powheg]{.smallcaps}, [MadGraph]{.smallcaps}, and [mc\@nlo]{.smallcaps}, for the fraction of reconstructed events outside the fiducial region and passing the full analysis selection. Fractionally, the theoretical uncertainty changes from 5 to 3 %.
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The fiducial cross section is determined by the event yield in each bin after subtracting backgrounds. Each distribution is then corrected for event selection efficiencies and for detector resolution effects in order to be compared with predictions from event generators. The detector resolution corrections vary between 5 and 15 % depending on the variable and the bin. The correction procedure is based on unfolding techniques, as implemented in the RooUnfold toolkit \[[@CR53]\], which provides both singular value decomposition (SVD) \[[@CR54]\] and the iterative Bayesian \[[@CR55]\] methods. Both algorithms use a response matrix that correlates the observable with and without detector effects. Regularization parameters are tuned to obtain results that are robust against numerical instabilities and statistical fluctuations. The unfolding is performed with the SVD method, and we cross-check the results with the iterative Bayesian method. We found a good agreement within uncertainties between both methods. The differential cross section is derived by dividing the corrected number of events by the integrated luminosity and by the bin width.

For each measured distribution, a response matrix is evaluated using $\documentclass[12pt]{minimal}
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The systematic uncertainties in each bin are assessed from the variations of the nominal cross section by repeating the full analysis for every systematic variation. The difference with respect to the nominal value is taken as the final systematic uncertainty for each bin and each measured observable. By using this method, the possible correlations of the systematic uncertainties between bins are taken into account. Those systematic uncertainties that are correlated across all bins of the measurement, and therefore mainly affect the normalization, cancel out at least partially in the normalized cross section. The uncertainty also includes the statistical error propagation through the unfolding method using the covariance matrix and the difference in the response matrix from [MadGraph]{.smallcaps}, [powheg]{.smallcaps}, and [mc\@nlo]{.smallcaps}, the latter being almost negligible.

Various differential cross sections in interesting kinematic variables are presented in Fig. [3](#Fig3){ref-type="fig"}. The measurements, including $\documentclass[12pt]{minimal}
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Limits on anomalous gauge couplings {#Sec9}
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Beyond-standard-model (BSM) physics effects in $\documentclass[12pt]{minimal}
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The expected number of events in each bin of the template histograms is interpolated using polynomial functions as a function of the coupling constants to create a continuous parametrization of the model. A profile likelihood fit to the data for each coupling-constant hypothesis is performed using the method described in Sect. [7](#Sec7){ref-type="sec"}.

Figure [5](#Fig5){ref-type="fig"} shows the 2D likelihood profiles at 68 % and 95 % confidence levels (CL) for the three cases in which two coupling constants are allowed to vary. Using the templates prepared with a single non-zero coupling constant, we measure the values of $\documentclass[12pt]{minimal}
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